Abstract. The present study aimed to characterize the specific pathology and magnetic resonance imaging (MRI) findings observed in patients with leukemia with central nervous system (CNS) lesions, and to determine their value in the management of such patients. Lesions of the CNS were observed during and following treatment of leukemia. The data from stereotactic biopsy-proven pathology (12 patients) and MRI examinations (14 patients) were retrospectively evaluated. Proton-magnetic resonance-spectroscopy was performed in three patients. Factors that predisposed to lesions of the CNS were reviewed from the patient medical records. Among the 14 patients, eight had CNS leukemia, four had a CNS infection and two had a neurodegenerative disorder (one leukoencephalopathy and one glial cell hyperplasia). The clinical diagnosis based on clinical symptoms, signs and MRI features was not consistent with the pathological diagnosis in two patients. In one patient, the clinical diagnosis was a CNS infection; however, the patient's pathological diagnosis was CNS leukemia. In the other patient, the clinical diagnosis was CNS leukemia, but the pathological diagnosis was glial cell hyperplasia. CNS lesions in leukemia have a wide range of causes. Apart from the relapse of leukemia in the CNS, there are treatment-associated neurotoxicities and infections that are caused by immunocompromised states.
Introduction
Leukemia is the most common form of hematological malignancy and it has an incidence rate of 3-4/10 million between 1988 and 2002 (1,2) and 5.17/10 million in china between 2003 and 2007 (3) . Due to the continuous optimization of treatment and supportive care, the survival rate for patients with leukemia has been prolonged significantly over the last few decades (4, 5) . As a consequence of these improvements, the frequency of central nervous system (CNS) involvement in leukemia has increased (6, 7) . The diagnosis of CNS leukemia should be considered in the differential diagnosis of patients with leukemia and CNS lesions, including those with CNS infection and neurodegenerative disorders following leukemia treatment. CNS lesions in leukemia may occur due to the disease itself, or the treatment (8) (9) (10) (11) (12) (13) . Disease-associated CNS complications may consist of leukemic cell involvement of the meninges, parenchyma, and cerebrovasculature (8) , whilst treatment-associated CNS complications may include leukoencephalopathy, inflammatory demyelinating polyradiculoneuropathy, infections, vascular disorders and secondary tumors (9) (10) (11) (12) .
The clinical presentations of CNS lesions in leukemia vary. Diagnosing the nature of CNS lesions is often challenging, as there is a varied set of causes (14) . There are no pathognomonic imaging features for CNS lesions in leukemia, and the histological verification of a brain biopsy remains the gold standard for diagnosis (15, 16) . As numerous CNS lesions in leukemia are curable, early diagnosis is essential for their proper management (13) . Several studies have reported the usefulness of magnetic resonance imaging (MRI) and computed tomography (CT) in the diagnosis of CNS lesions in leukemia (13, (17) (18) (19) (20) . However, there are a limited number of reports concerning the pathological features of CNS lesions in leukemia.
The present study aimed to combine the MRI and pathological findings observed in 14 patients with leukemia with CNS lesions, characterize these features and determine their value in the diagnosis of such patients. Doing so may aid reaching the correct diagnosis in the future and potentially allow treatment to be conducted without delay.
Patients and methods
Patients. The clinical data, MRI features and pathology results of 14 patients (11 male and 3 female), whose ages ranged from 7 to 60 years old, were retrospectively reviewed at Beijing Tiantan Hospital (Capital Medical University, Beijing, China) between April 2003 and May 2015 ( Table I ). The patients had various types of leukemia, including 8 cases of acute lymphoblastic leukemia (ALL; 4 B-cell-ALL, 2 T-cell-ALL and 2 unknown type-ALL), 4 cases of acute myelogenous leukemia (AML; 2 M5, 1 M4 and 1 unknown type), 1 case of acute promyelogenous leukemia (APL) and 1 case of chronic myelomonocytic leukemia (CMML).
The majority of patients presented with nonspecific symptoms, including seizure, headache, nausea, vomiting and a change in mental status. Few patients had focal neurological deficiencies, including limb weakness and vision loss. Systemic symptoms, including fever, night sweat and weight loss, were common.
Patient medical records were reviewed with particular attention to the type of treatment given, time of onset of neurological symptoms, the interval between the onset of neurological symptoms and final treatment for leukemia, cerebrospinal fluid (CSF) results (pressure, Pandy test, quantitative protein levels, cell count and bacterial/fungal cultures), outcome of the CNS lesions, MRI findings in 14 patients, pathological features in 12 patients and the consistency of the clinical diagnosis and pathological diagnosis (Table I) . The study protocol was approved by the Ethics Committee of Beijing Tiantan Hospital (Beijing, China). All of the patients provided written informed consent.
Imaging. Two experienced neuroradiologists (Beijing Tiantan
Hospital, Capital Medical University, Beijing, China) retrospectively and independently evaluated the images. All scans were reviewed, noting the brain lesion locations, size, margin and signal characteristics, as well as the presence of perilesional edema, mass-effect, hemorrhage, necrosis and meningeal enhancement.
All of the patients were imaged using T1-and T2-weighted and post-contrast T1-weighted scans (0.1-0.15 mmol gadolinium-diethylenetriaminepenta-acetate/kg body weight). Proton-magnetic resonance-spectroscopy ( 1 H-MRS) was performed in 3 patients. MRI was performed on a 1.5-T Siemens MAGNETOM ® Avanto machine (Siemens AG, Munich, Germany). On this machine, T1 images were fast spin-echo sequences with repetition time (TR), 500 ms and echo time (TE), 7.8 ms. T2 images were fast spin-echo sequences with TR, 3,630 ms and TE, 93 ms. The pre-and post-contrast T1 sequences were obtained along the three orthogonal planes. The T2 sequences were obtained axially. The pre-and post-contrast T1 sequences were isotropic, ultrafast spoiled gradient echo sequences (TR, 8.3 ms and TE, 3.8 ms). The T2 sequences were 5-mm axial fast spin echo sequences with TR, 4,000 ms and TE, 110 ms.
1 H-MRS was obtained with a long echo time (135 ms) as a multivoxel 2D exam encompassing the lesion and normal white matter.
Stereotactic biopsy. Among the 14 patients with leukemia, 12 were pathological, as confirmed by stereotactic biopsy with a framework of the stereotactic surgery planning system (AeroTech) and robot-assisted planning of frameless stereotactic surgery (Computer Stereotactic Assistant, type R; CSA-R type), in order to place the stereotactic frame on the head or post four marker points on the head and then used MRI to locate the lesion. Through the local area network, images were uploaded into the workstation to formulate the surgical plan, determine the biopsy site, avoid the important functional areas and select the appropriate cranial puncture point and best surgical puncture path (Figs. 1A and 2A) . A biopsy needle was inserted following a hole being drilled with a 3-mm diameter drill. Four or five pieces of tissues measuring 1.0x0.3x0.3 cm were removed from the lesion area. An intraoperative snap-frozen tissue section used liquid nitrogen and a conventional paraffin-embedded tissue section was sent for evaluation (Figs. 3A and 4A). Following the biopsy, the equipment was withdrawn and the wound was sutured.
Results
Among the 14 patients, the causes of CNS lesions were divided into three groups. The first group had CNS leukemia (n=8; Fig. 1B ), the second group had CNS infection (n=4; Fig. 3B and C) and the third group had a neurodegenerative disorder (n=2, 1 leukoencephalopathy and 1 glial cell hyperplasia 1; Fig. 2B and C). CNS leukemia included 1 APL case, 3 ALL (B cell) cases, 2 ALL (T cell) cases, 1 CMML case and 1 AML (M5b) case. CNS infection included 3 AML cases and 1 ALL case (T cell), whereas neurodegenerative disorders included 2 ALL cases (B cell).
All the patients received chemotherapy, and 6 received hematopoietic stem cell allotransplantation (allo-HSCT). In group 1, CNS leukemia occurred prior to chemotherapy (n=1, case 8), during chemotherapy (n=1, case 2), following chemotherapy patients obtained complete remission (n=3, case 1, 5, 6 and case 5 with systemic relapse) and following allo-HSCT (n=3, case 3, 4, 7 and case 4 with systemic relapse).
In the second group, 2 patients with CNS infection following allo-HSCT with graft vs. host disease (GVHD; 1 GVHD of the intestinal tract and 1 GVHD of the liver; cases 9 and 10, respectively) were given immunosuppressive therapy, including cyclosporin and/or antithymocyte globulin against GVHD. Another 2 patients had CNS infection during the second and fourth courses of chemotherapy for anti-leukemic treatment (cases 11 and 12, respectively).
In group 3, 1 patient had leukoencephalopathy following 3 courses of systemic chemotherapy and 5 intrathecal injections (case 13). Another patient had glial cell hyperplasia 1 month following high-dose chemotherapy and allo-HSCT (case 14).
The MRI features in patients with CNS leukemia indicated multiple, scattered, round solid nodules of lesions in the brain parenchyma, a slightly long or equal T1 and 
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A/I (A, indicates the age when the diagnosis was made for leukemia; I, indicates the interval between the last treatment and the onset of neurological symptoms) M, male; F, female; CNS, central nervous system; MRI, magnetic resonance imaging; DWI, diffusion weighted imaging; AML, acute myelogenous leukemia; ALL, acute lymphoblastic leukemia; CMML, chronic myelomonocytic leukemia; APL, acute promyelocytic leukemia; M5, acute monocytic leukemia; M5b, monoblast <80%; Allo-HSCT, allo-hematopoietic stem cell transplantation; Bu/CY, busulfan/cyclophosphamide; ATG, antithymocyte globulin; FLAG, fludarabine, cytarabine, filgrastim; DLI, donor lymphocyte infusion; VDCLP, vincristine, daunorubicin, cyclophosphamide, L-asparaginase, prednisone; MA, mitoxantrone, cytarabine; CAT, cyclophosphamide, cytarabine, thioguanine; CSF, cerebrospinal fluid; MPO, myeloperoxidase; LCA, leucocyte common antigen; Pr, protein; WBC, white blood cell.
long T2 signal and apparent perilesional edema as well as an enhanced mass effect ( Fig. 1C and D) . 1 H-MRS was performed in 3 patients with CNS leukemia (case 1, 2 and 3). 1 H-MRS revealed a marked increase in choline (Cho), and a marked reduction in N-acetylaspartate (NAA) and creatinine (Cr) peaks in the center of the lesion. However, in perilesional brain tissue, a slight decrease in NAA and no increase in Cho peaks were observed. MRI findings in patients with CNS infection exhibited scattered, small capsule lesions, a short/long T1 and long T2 signal, an unclear border and apparent perilesional edema (Figs. 3D-F, 4B-D) . MRI findings in patients with neurodegenerative disorders revealed glial cell proliferation around the lesion and white matter lesions that were visible on a long T1 and long T2 signal, whilst edema was not apparent (Fig. 2D) .
Except for cases 8 and 10, 12 patients obtained a pathological diagnosis through stereotactic biopsy. The clinical diagnosis was not consistent with the pathological diagnosis in 2 patients (cases 2 and 13). One patient's clinical diagnosis was CNS infection, although the pathological diagnosis was CNS leukemia (case 2). Another patient's clinical diagnosis and pathological diagnosis was CNS leukemia and glial cell hyperplasia, respectively (case 13). Among the 14 patients with leukemia, the outcomes of 12 patients improved, 1 disease progression (case 2) and 1 succumbed (case 4).
Discussion
Leukemia with CNS involvement is not uncommon in clinical practice (13) . In the present study, 14 patients with leukemia and CNS lesions were evaluated. It was observed that MRI aided the characterization of CNS lesions caused by the leukemic involvement of CNS structures, treatment-associated CNS complications and CNS infections due to immunocompromised states. However, two clinical diagnoses were not consistent with the pathological diagnoses, and pathological verification of brain biopsy tissues remains the gold standard for diagnosis (21) (22) (23) .
CNS leukemia is more common in childhood, with hyperleukocytic acute leukemia, ALL and M5 often occurring following complete remission (4, 6, 7) . Over the last two decades, clinical trials have significantly improved the response rates in patients with leukemia. Adults with ALL have a 60-90% chance of reaching a first complete remission following combination chemotherapy (24) (25) (26) . Advancements in the understanding of disease biology, adaptations to anti-leukemic treatment and better supportive care have all contributed to these improvements (6,7). However, CNS involvement is still a primary cause of mortality and has become a major limitation to long-term survival (27) . CNS-directed treatment is a significant contributing factor in improving the survival rate of patients with ALL. This essential treatment decreases the rate of CNS relapse, in addition to reducing the incidence of bone marrow recurrence. While <5% of patients with ALL present with overt CNS leukemia, >50% will develop CNS disease in the absence of prophylactic CNS-directed treatment (28) . In the present study, 8 patients had CNS leukemia due to the disease itself. Cases 3, 4 and 7 developed CNS leukemia following allo-HSCT. CNS relapse subsequent to allo-HSCT indicates a poor prognosis in patients with leukemia (29, 30) . Preventing CNS relapse following allo-HSCT remains a therapeutic challenge, and the criteria for post-HSCT CNS prophylaxis have yet to be addressed (27) .
As chemotherapy drugs for the treatment of leukemia (anthracyclines, vinca alkaloids, cyclophosphamide) exhibit poor penetration of the blood brain barrier (BBB), the CNS becomes a 'shelter' for leukemia cells. CNS involvement is associated with a poor prognosis. However, methotrexate and cytarabine display a moderate capability to cross the BBB at high doses sufficient to obtain therapeutic concentrations within the CNS. However, as well as CNS radiation therapy (31) , this contributes to neurotoxicities. Examples of neurotoxicity include leukoencephalopathy and spontaneous intracranial hemorrhage (11, (32) (33) (34) . Infection may be caused by leukemia itself, as well as the bone marrow suppression observed with intense chemotherapy (13) . In the present study, two patients developed a treatment-associated neurodegenerative disorder due to systemic high-dose chemotherapy and/or intrathecal injections. In a total of 4 patients, CNS infections occurred in the bone marrow suppression period during intense anti-leukemia chemotherapy, or anti-GVHD immunosuppressive therapy following allo-HSCT.
Among the eight patients with CNS leukemia, seven were pathologically confirmed by stereotactic biopsy. The pathology of CNS leukemia was variable, which led to complex and changeable presentations during MRI. The pathological presentations of five patients were of tumor cells with nodular infiltration in the brain parenchyma. MRI scans exhibited a scattered, round and solid nodule of lesions in the brain parenchyma, with a slightly long or equal T1 and long T2 signal. Perilesional edema was marked, as was an enhanced mass-effect. One patient's pathology results indicated that tumor cells had infiltrated the meninges and meningeal vessels. The 'lace' strengthening of the meninges and the thickening of local meninges were observed using MRI. Tumor cells infiltrated and blocked vessels of the parenchyma in one patient and this patient's MRI scans revealed a partial small infarct, infarction, hemorrhagic infarction, or venous stasis of brain edema or cerebral hemorrhage.
When patients with CNS infections or neurodegenerative disorders demonstrated nodular infiltration lesions, these lesions tended to be confused with CNS leukemia on MRI scans. MRI of case 13 exhibited enhanced lesions in the left parietal and occipital lobe with surrounding edema, which was misdiagnosed as CNS leukemia. MRI of case 2 revealed a cystic lesion in the right temporal lobe and cerebellum, as well as marked edema, which were misdiagnosed as a CNS infection.
MRS allows for the noninvasive acquisition of biochemical information from biological tissues. Within a defined volume of interest, signals are detected from chemical nuclei, with protons (hydrogen ions) being most frequently used (35) . During the present study, in patients with CNS leukemia MRS consistently demonstrated an increase in Cho, and a decrease in or absence of NAA. The Cr peak was consistent with previous data from the literature (36, 37) . This indicates the 'exogenous' features of the tumor, which possibly aid the differentiation of CNS leukemia from other lesions.
Due to the diversity in pathological changes and imaging findings within CNS leukemia, it is challenging to identify the precise nature of CNS lesions in patients with leukemia, which is used to determine the type of treatment (38, 39) . Various studies have demonstrated that the misdiagnosis rate of CNS leukemia may be ≤75%, with misdiagnoses including intracranial hemorrhage, cerebral infarction, meningitis, infection, demyelinating multiple sclerosis, spinal cord compression syndrome and Guillain-Barre syndrome (38, 39) . It is possible to obtain pathological confirmation safely through stereotactic biopsy with minimal trauma (21, 22) . Clinical misdiagnosis and administering experimental treatments delays the correct treatment, which is an important factor for tumor recurrence (13) . Therefore, the medical history, hematology and bone marrow test, CSF and biochemical examination, in combination with the pathology of CNS lesions following stereotactic biopsy, may improve the rate of correct diagnosis (23), avoiding unnecessary treatment and associated morbidity. At the same time, attention must be given to the function of blood coagulation prior to biopsy as numerous patients with leukemia have blood coagulation dysfunctions (32) . In the present study, 12 patients with leukemia with CNS lesions underwent stereotactic biopsy without surgical complications for the pathological confirmation of diagnosis. Stereotactic biopsy has the advantages of convenience, as well as minimal invasion (21, 22) .
The incidence of CNS lesions in leukemia has increased due to advances in treatment and prolonged survival time (6, 7) . CNS leukemia typically presents as a scattered, round solid nodule of lesions in the brain parenchyma that reflects tumor cell nodular infiltration. These lesions typically exhibit slightly long or equal T1 and long T2 signal, with marked perilesional edema, mass-effect and contrast enhancement (13, 20) . Differential diagnoses of CNS leukemia on MRI scans include CNS infection in immunocompromised patients and neurodegenerative disorders caused by anti-leukemia treatment (14, 20) . The novel imaging technique 1 H-MRS is important in the diagnosis of CNS leukemia, and in differentiating it from other brain lesions in patients with leukemia. This is particularly vital when the characteristic imaging findings that usually appear on traditional images are absent (37) (38) (39) (40) (41) .
To conclude, the present study demonstrated that the clinical diagnosis was not consistent with the pathological diagnosis in 2/14 patients. Numerous CNS lesions in patients with leukemia are potentially curable; therefore, correct diagnosis is crucial.
Pathological confirmation remains the gold standard for diagnosing the nature of CNS lesions. In addition, the present study demonstrated that stereotactic biopsy is useful in diagnosing and differentiating CNS lesions in patients with leukemia. This technique may aid early recognition of the nature of CNS lesions and potentially allow for timely therapeutic intervention.
